A nonsense mutation in the fibrillin-1 (FBN1) gene of a Marfan syndrome (MFS) patient induces in-frame exon skipping of FBN1 exon 51. We present evidence, based on both in vivo and in vitro experiments, that the skipping of this exon is due to the disruption of an SC35-dependent splicing enhancer within exon 51. In addition, this nonsense mutation induces nonsense-mediated decay (NMD), which degrades the normally spliced mRNA in the patient's cells. In contrast to NMD, skipping of FBN1 exon 51 does not require translation.
tinct from the splice site sequences, and are required for efficient splicing of certain exons (Watakabe et al. 1993; Cooper and Mattox 1997) . Missense and silent mutations disrupting these sequences can cause exon skipping (Cooper and Mattox 1997; Dietz 1997; Valentine 1998) . Several ESEs have been found to interact with members of the serine-arginine rich (SR) protein family (Lavigueur et al. 1993; Ramchatesingh et al. 1995; Schaal and Maniatis 1999; Liu et al. 2000) . Members of the SR protein family are well studied protein factors required for general and regulated pre-mRNA splicing (Valcarcel and Green 1996; Graveley 2000) . Nine authentic human SR proteins have been identified to date. In contrast to the apparently interchangeable properties of different SR proteins in constitutive splicing, distinct effects of these proteins in alternative and enhancer-dependent splicing have been reported (Graveley 2000) .
Marfan syndrome (MFS) is an inherited systemic disorder of the connective tissue, caused by mutations in the fibrillin-1 (FBN1) gene. MFS shows autosomal dominant transmission and an estimated incidence of 1 in 5000 live births. Fibrillin-1 is a 350-kD calcium binding glycoprotein, which is the major component of the 10-12-nm microfibrils of the extracellular matrix. Classic MFS manifestations primarily involve the cardiovascular, ocular, and skeletal systems (Pyeritz 2000) . Analysis of the FBN1 gene in an MFS patient identified an allele with a T → G transversion at nucleotide +26 of exon 51 (Dietz et al. 1993) . This mutation creates an amber (TAG) nonsense mutation, substituting a termination codon (X) for a tyrosine (Y) at codon 2113 (Y2113X), and induces skipping of exon 51 in the MFS patient (Dietz et al. 1993) . Skipping of the 66-nt exon results in the inframe removal of 22 residues and the disruption of an epidermal growth factor-like Ca 2+ binding domain (Dietz et al. 1992 (Dietz et al. , 1993 . This leads to the production of a mutated fibrillin-1 protein that appears to disrupt the correct assembly of the 10-12-nm microfibrils (Liu et al. 1996) .
In an FBN1 chimeric minigene, two different PTC mutations (TAG and TAA) at codon 2113 induce exon skipping, whereas a silent mutation (TAC) does not (Dietz and Kendzior 1994) . Furthermore, a frameshift mutation in the upstream exon, which places the nonsense mutation out of frame, significantly reduces exon skipping, suggesting that the alternative splicing is frame-dependent. Thus, a nuclear scanning mechanism that recognizes the reading frame of the pre-mRNA and triggers exon skipping was proposed (Dietz and Kendzior 1994) . However, an alternative mechanism was suggested by the finding that a silent mutation located at +41 in exon 51 also induces exon skipping in another MFS patient (Liu et al. 1997) .
In the present study, we found that FBN1 transcripts carrying the nonsense mutation Y2113X were subject to NMD in primary fibroblasts derived from the MFS patient. In contrast to NMD, NAS (FBN1 exon 51 skipping) was not affected by inhibitors of translation, We also observed that PTCs inserted at different positions in exon 51 did not induce exon skipping in a chimeric minigene. Finally, we demonstrated that the central portion of FBN1 exon 51 functions as an SC35-dependent ESE when inserted into a heterologous splicing reporter.
Results and Discussion
Inhibition of protein synthesis and NMD has no effect on exon skipping First, we wanted to determine whether NMD was induced in FBN1 transcripts, which harbored the Y2113X nonsense mutation that induced exon skipping (Dietz et al. 1993) . Primary fibroblasts from this MFS patient, carrying the PTC in one FBN1 allele, and from a control individual were exposed to anisomycin. This protein synthesis inhibitor has been shown to inhibit NMD (Carter et al. 1995) . Both patient and control fibroblasts were exposed to 100 µg/mL anisomycin for 0 (control), 1, 2, and 4 h. This level of anisomycin was shown to inhibit incorporation of [
35 S]methionine into total cellular protein by 93% after 1 h and 97% after 4 h (data not shown). RT-PCR was performed on total cellular RNA, utilizing primers complementary to FBN1 exons 50 and 54 (Fig.  1A ). The amplified DNA was then digested with Bsu36 I, which specifically cleaves the mutant DNA at a new site generated by the nonsense mutation. The samples were Southern blotted and probed with an oligonucleotide complementary to a portion of exon 51 (Fig. 1B) . After 1 h of anisomycin treatment, the Bsu36 I restriction product was detected in samples from the patient's cells (Fig.  1B, lanes 6-8) . This product represents normally spliced mRNA transcribed from the mutant FBN1 allele harboring the PTC and includes exon 51. This RNA species was not detected in the absence of anisomycin treatment (Fig. 1B, lane 5 ) or in the control cells (Fig. 1B, lanes 1-4) . This result indicates that normally spliced FBN1 mRNAs carrying the PTC are subject to NMD.
Next we asked whether inhibition of protein synthesis, and thus NMD, would alter exon 51 skipping in the patient's cells. To distinguish between normally spliced and exon 51-skipped FBN1 mRNAs, an RNase protection assay was performed using a riboprobe spanning exons 51 through 55 (Fig. 1A) . The amount of exon skipping remained constant over the time course of anisomycin exposure (Fig. 1C, lanes 5-8) . No aberrant splicing was detected in normal fibroblasts assayed as a control (Fig. 1C, lanes 1-4) . These results indicate that inhibition of protein synthesis had no effect on exon skipping. In contrast, PTC-containing mRNAs are protected from NMD by anisomycin treatment (Carter et al. 1995) . Thus, NMD and exon skipping, although induced by the same PTC, appear to be activated by two independent mechanisms.
A nuclear scanning mechanism that recognizes the reading frame of pre-mRNAs and triggers exon skipping was previously proposed to explain the aberrant splicing of the FBN1 Y2113X transcript (Dietz and Kendzior 1994) . A frameshift mutation in the upstream exon, which placed the nonsense mutation out of frame, significantly reduced exon skipping, suggesting that the alternative splicing mechanism was frame-dependent (Dietz and Kendzior 1994) . However, we have shown here that NMD is actively degrading the RNAs carrying the PTC mutation in the patient's cells (Fig. 1B) . Thus, the frameshift mutation, which reestablished the exon 51 open reading frame, would be expected to eliminate NMD of the mutant RNAs. As a consequence, exon 51-included RNAs would be increased, and the relative amount of skipped mRNA reduced, after amplification by RT-PCR as was observed by Dietz and Kendzior (1994) .
Exon skipping is dependent on the position of the PTC and on other exonic sequences
Since exon skipping still occurs when translation is inhibited ( Fig. 1C ) and thus seems to be independent of NMD, we next asked whether it was dependent on the position of the PTC within exon 51. If a nuclear scanning mechanism were causing exon skipping, the position of the PTC within the exon would not be expected to affect the splicing pattern. To test this, we utilized the chimeric minigene represented in Figure 2A . The parental construct, pFBN-WT, contains the wild-type FBN1 exon 51, flanked by the native introns and portions of the upstream and downstream exons, inserted in-frame into an ornithine ␦-aminotransferase (OAT) cDNA expression construct driven by a cytomegalovirus (CMV) promoter (Dietz and Kendzior 1994) . Skipping of exon 51 had been shown previously to occur in human fibroblasts transiently transfected with the FBN1-OAT minigene, when nucleotide +26 in exon 51 was mutated to Fibroblasts from an MFS patient, harboring the mutant allele causing exon skipping (lanes 5-8), and from a healthy individual as control (lanes 1-4) were exposed to 100 µg/mL anisomycin for the indicated times (0 h, untreated). RT-PCR amplification was carried out with primers F11S and F11-AS. The amplified DNA was cleaved with Bsu36 I, which cleaves at the site of the nonsense mutation. The DNA products were separated by electrophoresis, Southern blotted, and hybridized with the oligonucleotide probe F11D-AS. (C) RNase protection analysis shows that exon skipping does not require protein synthesis. RNA isolated from patient and control fibroblasts after exposure to anisomycin was subjected to RNase protection analysis with the F51-55 probe shown in A.
either a G or an A, creating the PTC UAG or UAA, respectively (Dietz and Kendzior 1994) .
We have confirmed and extended these results, using RT-PCR to assay the splicing products generated from transiently transfected human fibroblasts. As reported previously, no exon skipping was detected with the wild-type pFBN WT construct (Fig.  2B, lane 2) , and a skipped band was generated with a PTC generated by a U → A mutation at nucleotide +26 of exon 51 (the position of the patient's Y2113X mutation) (Fig. 2B, lane 3) . We have extended these results to analyze the effects of PTCs at other positions in exon 51. We generated an in-frame PTC four codons upstream (US) of codon 2113 by a C → U mutation at +12. No exon skipping was detected with this construct, called pFBN US-PTC (Fig. 2B , lane 5). Normal splicing was also observed from a pre-mRNA with a C → G mutation at nucleotide 58, generating a PTC 11 codons downstream (DS) of codon 2113 in pFBN DS-PTC (Fig. 2B , lane 6).
These results indicate that exon skipping is dependent on the position of the PTC within the exon; this is not consistent with a general nuclear PTC scanning mechanism. This raises the alternative possibility that the PTC at +26 is disrupting an ESE, which is not affected by the PTCs at the other positions tested. If so, it seems likely that silent or missense mutations near +26 would also disrupt the ESE and cause exon skipping. To test this, we generated a missense mutation in the pFBN PPE construct by substituting pyrimidines for purines at positions +30, +31, and +33 (AGUG → UCUC) in a polypurine-rich element (PPE). Remarkably, RT-PCR analysis showed that exon 51 was completely skipped in the mRNAs transcribed from the pFBN PPE construct (Fig. 2B, lane 4) .
These data strongly suggest that disruption of an ESE sequence, rather than a frame-dependent nuclear scanning mechanism, activates exon skipping in the mutant FBN1 gene. Further evidence supporting the presence of a functional ESE in this exon comes from the report of a silent point mutation (C → U) at nucleotide +41, which induces exon 51 skipping in another MFS patient (Liu et al. 1997) . We observed that a missense mutation in the central portion of exon 51 in the pFBN PPE construct (Fig. 2, lane 4) caused more exon skipping than the nonsense mutation in pFBN PTC (Fig. 2, lane 3) . This can be explained if an ESE sequence is present in the central portion of exon 51, and the 3-nt substitution in pFBN PPE disrupts this sequence more drastically than the single point mutation in pFBN PTC. Similarly, the absence of detectable exon skipping with a T → C missense mutation at +26 (Dietz and Kendzior 1994) may be due to the fact that a wild-type pyrimidine is maintained at this position, together with the failure of this mutation to induce NMD.
The Y2113X nonsense mutation disrupts an SC35-dependent ESE
Next we sought to determine whether sequences distinct from the splice sites in FBN1 exon 51 are acting as an SR-dependent splicing enhancer. To this end, we inserted a 46-nt sequence derived from the central portion of exon 51 (nucleotides 13-58) into the downstream exon of an enhancer-dependent splicing reporter substrate derived from the D. melanogaster dsx gene (Fig. 3A) . The intron in the dsx system is efficiently spliced only when an SR-dependent splicing enhancer is present in the downstream exon (Tian and Maniatis 1992, 1994; Graveley et al. 1998 ). Splicing of the parental dsx substrate (dsx-⌬E) is extremely weak (Fig. 3, lane 1) because of a nonconsensus 3Ј splice site. Insertion of an SR-dependent splicing enhancer activates splicing because SR proteins bound to the ESE can stabilize the interaction of splicing factors with the weak splice site (Tian and Maniatis 1994; Graveley et al. 1998) . As a control, a strong SR-dependent splicing enhancer derived from the avian sarcoma-leukosis virus (ASLV) was inserted into the downstream exon of the dsx substrate, generating dsx-ASLV which was spliced efficiently (Fig. 3B,  lane 2) .
Insertion of the wild-type central portion of FBN1 exon 51 into the dsx-FBN WT substrate increased splicing efficiency to a level similar to that obtained with the ASLV enhancer (Fig. 3, lane 3) . Furthermore, insertion of the FBN1 sequence bearing a PTC at codon 2113, to generate dsx-FBN PTC, resulted in greatly decreased splic- ing enhancement (Fig. 3B, lane 4) . The PPE missense mutation ( Fig. 2A) completely disrupted the ESE function (Fig. 3B, lane 5) . Finally, a point mutation generating a PTC 14 nt upstream of the Y2113X nonsense mutation did not affect the ESE activity (Fig. 3B, lane 6 ). This same upstream PTC did not promote exon skipping in vivo (Fig. 2B, lane 5) .
We conclude that the central portion of FBN1 exon 51 acts as a strong ESE in the dsx enhancer reporter system. A point mutation at +26, which induced exon skipping in vivo in the OAT-FBN1 minigene (Fig. 2B, lane 3) , decreased the splicing efficiency of the dsx-FBN PTC splicing substrate as well (Fig. 3B, lane 4) . Furthermore, the ESE function of the exon 51 sequence was completely inactivated by the PPE mutation, which resulted in only exon skipping of mRNAs from the OAT-FBN1 minigene (cf. Fig. 2, lane 4 with Fig. 3, lane 5) . Interestingly, the PTC mutation at +26 had a greater effect on splicing efficiency in vitro than in vivo (cf. Fig. 2 , lanes 2 and 3 to Fig. 3, lanes 3 and 4) . This may be due to additional enhancer sequences in the extended FBN1 fragment present in the OAT-FBN construct ( Fig. 2A) , which are not present in the shorter FBN1 sequence inserted into the dsx construct.
Krainer and colleagues predicted that the Y2113X mutation, inducing FBN1 exon 51 skipping, down-regulates binding of SRp40 and SRp55 (Liu et al. 2001) . To determine whether these or other individual SR proteins promote splicing of the dsx-FBN1 transcripts, we complemented splicing-deficient HeLa S100 cytoplasmic extracts with single SR proteins. SR proteins are absent from the S100 extracts, and the addition of SR proteins can complement this deficiency to allow splicing to occur (Krainer et al. 1991) . Total and individual SR proteins were purified from HeLa cells and calf thymus (Zahler 1999) . The 35-kD SR protein fraction purified from calf thymus contains >95% SC35, with only a trace of ASF/ SF2 detectable (data not shown). When incubated in HeLa S100 splicing-deficient extract, splicing of ␤-globin pre-mRNA was activated equivalently by each of the SR proteins tested in this assay (Zahler et al. 1993) . As a first step, we normalized the amount of the different SR proteins added to the HeLa S100 splicing-deficient extract, so that equal amounts of spliced human ␤-globin RNA were generated with each SR protein added (Fig. 4, lanes  3-7) . The splicing efficiencies obtained were comparable to that seen in HeLa nuclear extract (Fig. 4, lane 1) .
Next, we tested these normalized amounts of SR proteins for activation of splicing of the dsx-FBN WT splicing reporter substrates. Only the total SR protein preparation and purified SC35 were able to efficiently complement the HeLa S100 extract and to activate splicing of the dsx-FBN WT substrate (Fig. 4, lanes 10,11) . SRp70, SRp55, and SRp40 were unable to stimulate splicing of the dsx-FBN WT substrate (Fig. 4, lanes 12-14) even though they complemented the S100 extract to activate splicing of the ␤-globin substrate with the same efficiency as SC35 (Fig. 4, lanes 3-7) . These results indicate that the central portion of FBN1 exon 51 contains a strong SC35-dependent splicing enhancer that can be disrupted by a nonsense mutation at +26 or by missense mutations downstream. In vitro splicing of the dsx-FBN WT substrate in HeLa S100 extract complemented with SR proteins. The dsxFBN WT radiolabeled pre-mRNA was incubated in in vitro splicing reactions containing HeLa S100 extract (lanes 2-7 and 9-14) or HeLa nuclear extracts (lanes 1,8) . Roughly 200 ng of each SR protein, purified from calf thymus, or 500 ng of a total SR protein preparation from HeLa cells was added to the splicing mixture as indicated.
The phenomenon of exon skipping induced by nonsense mutations has been associated with a number of diseases (Valentine 1998) . Although hypothesized, a nuclear scanning mechanism able to discriminate premRNAs harboring a PTC and induce exon skipping has never been characterized (Hentze and Kulozik 1999; Mendell and Dietz 2001) . Furthermore, a general mechanism for NAS seems unlikely because most PTCs do not induce alternative splicing (Fig. 2B , lanes 5 and 6; Willing et al. 1996) . A simple explanation for NAS is the chance disruption of an ESE by the same mutation that generated the PTC (Cooper and Mattox 1997; Shiga et al. 1997; Liu et al. 2001) . Consistent with this, it has been shown that exon skipping associated with a nonsense mutation in the BRCA1 gene is due to the disruption of an ESE, rather than to the interruption of the reading frame (Liu et al. 2001) . Furthermore, utilizing scoring matrices for SR protein binding sequences, it was shown that in more than one-half of the genes undergoing NAS, nonsense mutations also disrupt SR protein binding consensus sequences (Liu et al. 2001) . In contrast to the prediction that the mutation at +26, inducing FBN1 exon 51 skipping, down-regulates binding of SRp40 and SRp55 (Liu et al. 2001) , we have experimentally shown that exon 51 has an ESE, which is SC35-dependent. Indeed, only SC35 activated splicing of the dsx-FBN WT substrate in an S100 cytosolic extract. SRp40 and SRp55 do not appear to interact functionally with the ESE because they did not activate splicing of the substrate even in amounts fourfold higher than SC35 (data not shown). The discrepancy between the predicted and the functional results can be explained because single SR protein binding sequences have similar characteristics, and several SR protein binding sites are predicted to overlap in the same region of the transcript. Indeed, the silent point mutation at +41 in exon 51, which also induces exon skipping in an MFS patient (Liu et al. 1997) , was predicted to disrupt an SC35 consensus sequence (Liu et al. 2001) . It is conceivable that only one of the predicted binding sequences, possibly the one with the strongest affinity, is functionally recognized. Furthermore, since scoring matrices do not take into account the secondary structure of the RNA, it is possible that protein binding sites become unavailable when the RNA is folded.
Nonsense mutations typically behave like loss-offunction alleles. However, in the case of the FBN1 Y2113X mutation, a PTC confers a dominant negative phenotype when the NMD system is bypassed by exon skipping. However, PTCs at other positions in FBN1 exon 51 do not induce NAS. The data presented here argue against the role of a nuclear scanning mechanism regulating NAS in the FBN1 gene. On the contrary, it appears that the nonsense mutation Y2113X in an MFS patient plays two roles. It disrupts an SR-dependent splicing enhancer, which leads to exon skipping, and induces NMD, which degrades the PTC-containing mRNA containing exon 51.
Materials and methods

Plasmids
The parent construct pFBN WT (originally pFib WT) (Dietz and Kendzior 1994) was modified by site-directed mutagenesis to obtain the constructs pFBN PTC (A), pFBN PPE, pFBN US-PTC, and pFBN DS-PTC. The central region (nucleotides 13-58) of FBN1 exon 51 was inserted into the 
Transient transfection assay
Human fibroblasts at 80% confluence were transfected with 10 µg of expression vector using DOTAP (Boehringer Mannheim). Total RNA was extracted and reverse transcribed using random hexamers (Pharmacia) and oligo dT (Life Tech). The resulting cDNA was PCR-amplified with primers F11C-S and OATBE9-AS (Dietz and Kendzior 1994) for 20 cycles; 0.5 µL of the primary reaction served as template for a second amplification of 20 cycles using nested primers F11EA-S and OATE9-AS (Dietz and Kendzior 1994) .
Inhibition of protein synthesis
Human primary fibroblasts from a patient with MFS described previously (Dietz et al. 1992) and from a control individual were grown to 80% confluence. Then, 100 µg/mL anisomycin (Sigma) was added to the media and total RNA was extracted after 0, 1, 2, and 4 h incubations. RNA was reverse transcribed, and the resulting cDNA was amplified with primers F11s and F11A-S for 30 cycles. The PCR product was cut with Bsu36 I. Southern blotting using labeled F11D-AS primer as probe was performed as described (Dietz and Kendzior 1994) . Total cellular RNA was also subjected to RNase protection assay. Transcription of antisense RNA probe and RNase digestion were performed as described (Barker and Beemon 1991) . The FBN1 probe was a PCR-amplified fragment of cDNA spanning exons 51-55 inserted into pCR II (Invitrogen). Quantitation was carried out on an InstantImager (Packard).
In vitro pre-mRNA splicing assays and preparation of SR proteins Capped, 32 P-labeled run-off transcripts were synthesized by in vitro transcription using T7 RNA polymerase. HeLa cell and S100 extracts were prepared as described (Mayeda and Krainer 1999) . Splicing reactions were performed in a total volume of 25 µL, containing 15 µL of HeLa cell nuclear extract or S100 as described (Mayeda and Krainer 1999) . The reaction mixtures were incubated at 30°C for 2 h. RNAs recovered from the splicing reaction mixtures were separated on an 8 M Urea-6% polyacrylamide gel and visualized with an InstantImager (Packard). SR proteins were prepared from HeLa cells and calf thymus as described (Zahler 1999 ) and added to the splicing reactions as indicated.
